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Results obtained for the spectral emittance of materials
measured in air at intermediate temperatures of abos t 1400OF
are compared to the spectral reflectances measured at room
temperature to provide an appraisal of the effect o0 temperature
on those radiation properties. The temperature effect is fou-md
to be small for oxidized metals and for ceramic coatings and
some of the apparent effects are still associated with varia- 0
tion of the material and with inaccuracy of measurement.,
Spectral emittances for metals wore determined only for plat-
inum; these results and those of other investigators are
analyzed to shou that the apparent coincidence In tbs appli-
cability of the Hagen-Rubons equation is of increased validity
at higher temperatures and that this Is the basis for the
applicability of that formulation to the specification of the
total emittance.

A system designed for the determination of the spectral
emittance of metals or of materials vith metallic substrates,
In vacuum or in an inert atmosphere, is described and pre-
liminary results are indicated for Inconel.

Spectral and total properties of various materials ob-
tamned In certain tasks are also presented, this comprising
particularly the properties of ceramic coatings prepared by the
Chance-Vought Company. -
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The first part of this roport (1) presented tharml radia-
tion properties of a number of materials and also doscribad thl..
system by aeans of which these propertiee were obtaiad. The
proporties were, in general, normal values only, and comprised
the spectral reflectance from 0.30 to 25 microns, of the mater-
lal at room temperature; the spectral reflectance, from 1 to
25 microns, of the material at a tenparature of 1000071 and the
total mnittance for temperatures from 50007 to 250007, all being
measured In air. Spectral properties at higher temperatum arc
best determined as oaittancee and there van described a systm
for spectral normal emittaAce determinations in which the sample
was In air and with which temperatures up to I8007F could be
obtained. At that time only a few results we" available from
tais system and for oxidized nickel alloys these indicated for
most of the range from 2 to 15 microns, a correspondence between
the reflectance deduced from the emittance measured at high
temperature and the reflectance measured at room temperature. .
This corroborated, relatively, the results found for the re-
flectance of oxidized and coated materials at 100007, which wer"
only slightly different from those measured at room temperature
but which did depart from then sufficiently so that the total
emittance predicted from the spectral values measured at 10000F -

turned out to be, for those good emitters, about 5% below the
emittance predicted from the reflectance meacured at room tem-"
perature. The measured total emittances, moreover, mre clo•er
to the prediction wade from the room temperature reflectance
thsa from the prediction based on the reflectance measured at
high temperature.

Additional results for the spectral emittance at tempera-
tures between 120007 and 1800OF are given here. Because of the
air environment in which the sample was situated, thece results
are limited to oxidized and to coated metals, and for polished
platinum. Clearly the elimination of oxidation effects requiras
measurements in an inert atmosphere or in a vacuum and the
system from which the results wore obtained was an intorim dcvic•
to the closod systes which was devolopad subeoquently and vhich
Is described in Section 4. The results from this unit are still
preliminary and are not reported except as they appear in
Section 4.

Hmnuscript released for pmblicration 31 Jnuar 1962 as a
VIADD Technical RIQyort.



The results for the spectral emittance of oxidized and -
coated materials are compared In Section 2 to the results for ths 0
reflectance at room temperature. While these comparisons are
still affected by variability in the material itself* the in-
dication of thG comparison is one of relatively small effects
of temperature on the spectral properties of these dielectric
surfaces. The differences that do exist occur in the long wave
length region, so that they exert but a small influence on the
total emittance at high temperatures.

The effect of temperature on the spectral emittance of
metals is considered in Section 3, in reference to the results
obtained for platinum and to available results for nickel. A
review of the electromagnetic theory and the contribution of
photoelectric effects is combined with the available results in * 0..
an examination of the reliability of the often specified Nagen-
Rubens relation for the specification of the emittance of metals,
to Indicate that Its applicability is due apparently to a coin-
cidence of effects. Results for the effect of surface stress on
the reflectance at room temperature are presented also to in-
dicate that this effect also may provide correspondence with
the Hagen-Rubens relation even for metals such as copper for
which It would ordinarily be considered Inappropriate.
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T~P21PBTURE U S Or~ THE REF°.. ,
OF COATO OR OXIDIZD ME.TALS-

2.1 Introduction

The thermal radiation properties of metals coated with re-,
fractory materials and of metals with well oxidized surfaces are
determined by the properties of these surface layers. These
layers are essentially dielectric, with optical properties deter-
mined by oscillators associated with electronic, ionic, and
molecular vibrations. Except near these resonance frequencies,
the absorption tends to be low and the index of refraction rela-
tively invariable and some of the absorption of these layers - -•

arises also from the irregularity of the surface and from in- 4,'
ternal interfaces which diminish the transmission through multi-
pie reflection and scattering. In broPd spectral regions the
reflectance of the material is low and relatively constant, as
is expected for a dielectric.

The temperature dependence of the radiation properties of
such materials in usually presumed to be small, a view of course
guided by the low reflectance of these materials in general, so . ....
that even a significant change in the reflectance affects very
little the total emittance of the material. This latter effect,
of course, has been demonstrated by the fair predictions of
total amittance at elevated temperatures that are produced from
the reflectance measured at low temnerature. A sore direct ..
assessment is naturally obtained by the measurement of spectral
properties at higher temperature, and reflectances have been
measured for numerous materials of the type under consideration,
as reported previously(l) and here after described. These
however, were scarcely sufficiently definitive, other than in-
dicating that temperature effects were small. Since the tem- _
perature at which reflectance could be determined was limited to
the order of 10000~F, studies of the effect of higher temperatures
on the spectral properties required the measurement of spectral
emittance. Such measurements were made, in air, with sample
temperatures in the temperature range from 1200OF to 1800 0 F,
using a system previously described. The results therefrom are
the major presentation of this section and these support the
relative invariability of the spectral properties with the tem-
perature, though they do show local variations which are moreovor
still made uncertain by the question of the stability of the
material with respect to further oxidation during the period of
measurement.

3
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Finally, there in presented a brief consideration of the
effect on che optical constants that woulO be dus to band 0
broadenirg in a single classical oscillator. un the Inference
tat an increase in band width might accompany an Increase in.. -

temperature, these results do support some of the local effects
of temperature that are demonstrated by the zesults. But such
correspondence as does exist is at present insufficient to
support fundamentally the assumption of bLnd broadening that is
Involved.

2.2 Reflectance at Elevated Temperatures

The heated cavity reflectometer can be operated with ele-
vated sample temperatures by decreasing the amount of sample
cooling, as previously described(l). The radiation detected Is
then composed of both reflection and emission and the latter
contribution =mat be subtracted appropriately in terrts of the
measured temperature of the sample. As the sample temperature
Increases the portion of the detector response that is due to
reflection diminishes and a sample temperature of 1000°F is the . .
practical limit for a cavity temperature of about 14000F. The 0
determination of the sample thaperatures is critical and an
error of 10OF produces errors of 10% in the reilectance for a
material having a reflectance of 0.20. This error diminishes at
wave lengths below 4 microns and better results are achieved at
short wave lengths. The temperature, measured by a thermocouple
welded to the metallic substrate at the cooled side of the
sample, tends to be lower than that of the surface layer, so that
the contribution of the emission tends to be deficiently ap-
praised, yielding a situation in which the Indicated reflectance
tends to be too high.

The reflectancem that were obtained at a temperature of
1000OF either coincided closely with the reflectance measured
at room temperature or were higher at wave lengths below about
8 microns and at longer wave lengths were slightly below the
values neasured at room temperature. Since it is the reflec-
tance at shorter wave lengths that makes the significant contri-
bution to total values at high temperature, a lower total emit-
tance was predicted from the reflectances measured at high
temperature than was predicted from the reflectances measured
at room tasperature. The experimental values of total emittancP
shoved the opposite behavior and this casts doubt on the higher
spectral reflectances found at short wave lengths with a hot
sample. The spectral emittance results which follow imply also
that the two reflectances should have been more nearly the same
in the short wave length region. -
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An an Intermediate step to the conetruction of the sy•t•em-
which in described in Section 4 for the determination of spectral
emittancee at high temperature in an inret atmosphere, there 'van
developed a system for operation in air at temperatures up to
about 1800oF and this system has been described(I). Basically,
it It comprised of a heated cavity and of a sample heating fur-
nace for heating the sample by irradiation on the side opposite
to that observed. A mirror system permits observation of either
the cavity or the sample through the sam set of optics and the
emittance is determiaed from the detector response in the tuo
observations together with the observed temperature. of the
cavity and of the sample. The major error in the emittance so
determined is associated with the measurement of sample ter- .
perature and an error,A T, in this determination (or, more
specifically, an aggregate error of AT In the temperature of
sample and cavity), produces an error in the emittance of
A. = VU -9. This is serious at short wave lengths and renders
quite questionable the results at wave lengths below 2 microns
when the operating temperature is of the order of 15000F. Since
the temperature of the radiating layer on a coated sample tend.
to be below the measured substrate temperature, the emittances
an determined are too low, and the inferred reflectance: ca--
sequently tend to be high. Thus the trend of error due to
temperature variation in the surface layer is the same as it is
in the "heated" reflectance determinations, with a magnitude
that depends on the conductivity and thickness of the surface e
layer. The actusl nature of the emittance data obtained does
suggest, however, that the thermocouple readings tended to be
low and the ealttance as evaluated was probably above rather
than below the true value.

In the desire to maximize the temperature uniformity in the
region of observation, the original design of the spectral seit- .
tance unit required samples 1-7/8 inches in dianeter. Thus,
when a reflectance determination was desired after an enittance
measurement, a 7/8 inch diameter reflectance sample had to be
cut from the center of the emittance sample. To achieve an
optimum comparison this was done for all the cases here reported
but this requirement limited to o-e the comparisons between
reflectance and emittance that could be achieved. Later ex•mi-
nation showed that 7/8 inch diameter samples could be used ..
the emittance unit but this change was not made early enough to
be of profit In the group of measurements presented here.

Results reo presented for the nickel alloys M252, U•an 41,
and Inconel, and for the naterinl H•525, all of which had oxide
layers which appeared to be relativoly stable in reapact to

, 3



temperature cycles below 180007. In addition, results are shown
for Stainless Steel A286, with which however the oxidation was
progressive, and for certain coatod skmples with a molybdenum

substrate, obtained from the Chance-Vought Co. The results Are
Indicated as reflectances, one being unity minus the emittance

measured at high temperature, and the other the retlectance
deternined from the same sample at room temperature after the

enittance determination was completed.

Oxidized Nickel Alloys

Figure I presents the resuits tor oxidized Inconel and in-

eludes a curve for the low temperature reflectivity reported
before(l). The present results agree fairly with earlier values,
though there is separate evidence of considerable difference
"in the spectral properties of different Inconel samples. Except
in the region of 9 microns, there is close correspondence be-
tween the reflectances at high and low temperature and from the
experimentLal standpoint, there is for these results good over-
lap between the results obtained with the N&C1 and KBr prisms,
which are distluquished by different point designations on
these and on the succeeding results.

The relative insensitivity to tampersture of the reflec-
tances shown on Figure I is at considerable variance with the
previouE results(l) for oxidized Incouel, rhich showed a
substantial increase in reflectance at high temperature for short
wave lengths,

Figure 2 shows the results for oxidized alloy M252, and
this figure contains points only for emittance values, since
oxidation had progressed so far in this sample when the emittance
data were obtained that a suitable reflectnnce sample could not
be cut from it. The low temperature values that are shown by
the solid curve were obtained from a different sample of the
same material but below 9 microns these values are practically
identical to those deduced from the emittance, while at long
wave lengths the reflectance that is deduced from the emittance
is lower than the room temperature value. A dashed curve is
shown for the reflectances measured at 1000OF and below 9 microns
these are slightly above the low temperature values. If agree-
sent is forced at short wave lengths then the agreement with the
emittance results is improved at the long wave lengths. Only
a small shift would be needed and the correspondence that is
achieved is an illustration of the stability of the oxide on
this material.

6
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Figure 3 shows results for Reno 41 (Unitemp 41), a mateial"
almost the same an K252, but the results obtained with It do not•
show the saoe kind of agreement that is shown for the latter
material on Figure 2. For this material, also, the reflectance
a- low temperature, shown by points, was obtained from the
eqittance sample and that reflectance is lower thus the one
shown by the solid curve of the earlier report. A different
original specimen was involved and part of the difference in-
dicates the variation that can be expected in the seam material.
The euittance and reflectance results, shown by points, agree
fairly until about 5 microns, with the low temperature values
becoming higher as the wave length increases. At long wave
lengths this difference becomes substantial.

1825 Cobalt Chromium Alloy

Figure 4 shows for this material a small Influence of tem-
perature on reflectance at wave lengths below 9 microns. There .
Is a departure above thia, and the low temperature reflectance
is lower than the high temperature value that is deduced fromw
the eqittance determination. For wave lengths above 15 microns,
where only the results from a different reflectance sample are
avilable, there Is a substantial change due to the change in
temperature, with, on the average, a higher reflectance at
elevated temperature. -

Stainless Steel A-186

Most of the results that are shown for this material on
Figure 5 are not appropriate for an appraisal of the dependence
of the reflectance on temperature, for the results obtained
from the qmittance, and shown by points on the figure, were
derived from an originally uvoxidized sample which oxidised
progressively, before the first points were obtainedg, and there-
after as succeeding data were taken at various subsequent times.
Thus the points reveal the effect of progressive oxidation but
only thowe associated with the final operation can be inter-
preted as bLIng representative of a well oxidized condition.

The solid curve represents. the low temperature reflectance
obtained from a well oxidized sample that was cut from another
sample from which total emittance data were obtained and the
dashed curve represents the deduction from spectral quittance
measured on this sample. These comparable results do correspond
well up to 8 microns; while at longer wave lengths the emittance
Is reduced. The higher temperature reflectances also agree
fairly with those obtained from the first spectral emittance
sample after the longest period of oxidation and there appears
to be a. definite reduction of the reflectance, at higher ten-
perature, at wave lengths above 8 microns.
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Chmae-Vought Coated Materials

Part of the program on which this report is based involve"'
the determination of spectral reflectances and emittances, and
total emittances for certain coated molybdenum materials pro-
duced by the Chance-Vought Company. The ceramic coatings were r
intended to prevent oxidation of the substrate and the thermo-
couples attached to thesubstrate were coated in an effort to
proeset oxidation at the point of attachment. Ideally, the
relative stability of the costing should have provided r.sults
for low and high temperature reflectance which would focus quite
directly on the effect of temperature on this property. Actu-
ally there existed a number of interfering factors, which are
defined in detail in Section 5. The radiation properties of
different samples of the same material were found to vary to
same degree and the thermocouple attaa.Iusnts to the emittance
samples failed despite the obvious caz taken in making the
attachment. The latter difficulty req ired thermocouple re-
attachment on the metallic substrate aLd the consequent oxida-
tios problems then limited to about 12000F the temperature at
which the spectral Gaittance could be determined.

Figure 6 shows for the three types of coating involved, the
reflectance at 1200o0 as inferred from the emittance obtained at
that temperaturei and the figure also shows the reflectance at
rom temperature as obtained from a reflectance sample cut from
the larger sample after the spectral emittance had been deter-
mined. A third curve, a light dashed line, is shown to reveal
that there existed an effect of aging despite the coating of
the material and this curve is the room temperature reflectance ...
obtained from the same sample after heating in air for one hour
at 200007, subsequent to the first reflectance determination. -
Of course the edges of this 7/8 inch sample were bare after it
had been cut from the emittance s~aiple, but the evidence of the
MoO3 coating on the sample aiter this aging was such as to make
it improbable that this oxide condensed from evaporation from
the edges but rather originated from gas penetration through the
coating. Similar treatment of a fully coated 7/8" diameter e
sample also led to similar results. What can be considered In
support of the comparability of the basic reflectance curves of
Figure 6 is that the emittance sample was never heated to such
more than 120007 and the aging of the sample atter the first
"cold" reflectance measurement vas the f'Irst period of exposure
to higher temperature.

The reflectances at low and high testperature for the mat-
erial CV II + IX are practically the sain below 6 microns,
after which the high temperature reflectance Is alternately
below and above the low temperature valuu. Only at 12 microne

13
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Is this difference large.

Similar results were obtained vith CV II + Ferroboron,
th~ough with It the high temperature reflectance becomes lover
ag long wave lengths. For the material CV 11 + IX plus a-
coating of flame sprayed TiO2, higher ref lectances were produced
by the TiO coating but the effect of temperature on the re-
flectance in again relatively small, with lover ref lectances
indicated at the higher temperature.

2.4 The Effect of Tomperature on the Optical Constants

There am apparently no clear present appraisals of a pre-
dicted effect of temperature on the optical constants of die-
lectric material. and consequently on the spectral reflectivity
that is determined by these constants. In the absence of firm
theoretical guides for the cma~ideration of results such as
have been presented, even qualitative considerations may be
useful and those associated with the model of a classical oscil- C
laor are reviewed briefly here. In that view, the optical
properties are given as:

7 7I jI 2.1

.A

"2nk "t' jj2

The sun is taken over all the resonant frequencies 4t; for each
of which the damping Is g and at hich there are o4* oscil-
lators per unit volume, of effective mass + o.

If this situation is specialized to a small spectral range
in the neighborhood of one of the oscillators, far enough from
the resonant frequenciea of the others so that there Is from
them no absorptive contribution and so tt their effect in the
region concerned in specified only by a refractive Index n",,
then for this region the prior equations become:

2 
*in (' ').n t  

2.3

2nk 
,e
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Folloing 11"s.(2), the optical constants in the region of
the resonimt frequency can be approximated fairly by taking

,u• i! 1,•72.5 .

Equations 2.3 and 2.4 then assume the simpler form

""lk
I + X j I + X & 2 .6 . "

The numerical calculation of the optical conctants and from them .-
of the normal reflectance

(n-) * k1 2.{.÷i=+ k .7" -

Is still tedious and is not expressible in any algebraic form
simple enough for analysis. Further, the expression of arith-
metic results is complicated by the need to assign values of
the refractive index n, and the value of p, so that special cases
aust be considered. Figure 7 shows the normal reflectance
that is predicted for n, - 3 and p - 2, the latter group selected
with complete arbitrariness. This produces little change from
the reflectance of 0.25 associated with the refractive index
i, - 3; a local reflectance maximum. occurs on the low frequency
side of resonance and the variation in reflectance in almost
symmetrical about the resonance point.

The influence of an increase in temperature is postulated
to be a broadening of the band, evident as an increase in "g"o#

together with a possible small effect of thermal expansion,
which would decrease N slightly. It is expected that band
broadenlng might be the major effect, so that here an increase
in temperature is visualized to increase the damping, g, and to
thus decrease quantity p. Figure 7 contains results for various
values of pt assumed to differ because of differences in band t-A
width. Because the band width enters also into the value of X ,

which is the abscissa of Figure 7, that abscissa has been
normalized Iu measures of the damping g that is associated with
p - 4. In addition to the reflectance calculated from Equation
2.6# the absorption coefficient is shown also to illustrate the
increase in band width associated with s~nller values of p.

16
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Since the index of refraction, n, , is taken as a fairly
high value, the qualitative picture shown on Figure 7 must be
associated with a fairly narrow spectrtl region and the local
effects associated with this oscillator. With a narrow band
width there is a pronounced variation in reflectance, with a
minimum on the high frequency, short wave length, side of res- , 6
onance. As the band width increases, the variation is smoothed
out and the local variability of the reflectance is diminished.
But in the present results such a behavior for the reflectance
is shown onlr for oxidized nickel tn the region of 10 microns,
while all the other materials show either ill-defined or opposite
effects. 0*

Figure 8 shows additional results obtained from Equation
2.6 and 2.7, primarily for",- 1, so that the single oscI.ii -or
is construed now to be the controlling influence on the 1' .ax
of refraction over broad spectral regions, as in the sensu of
the optical properties that are determined by lattice vib'a-
tions at reststrahlen frequencies. The reflectance maximum
now occurs on the high frequency side of resonance and a broad-
ening of the band produces the spectral reduction in the maxi-
mum reflectance. At high frequencies the reflectances approach
each other gradually. This behavior is suggestive of that of
much of the experimental data, for which at short wave lengths
the low temperature reflectance exceeds in increasing amount the .
high temperature value as the wave leagth increases. The re-
duced reflectance in the region of the reflectance maximum is
indicated exper.4mentally by the majority of the results, though
Inconel and H525 are exceptions.

The foregoing analysis of coursa assumes a homogeneous
film, which is not the nature of the oxides and coatings for
which the experimental zesults have been ohtained. In fact,
the non-homogeneity that must exiit may lead to different
be..avior than that iadicated above because of the effect of
Inter-reflections within the material. Th:, effect will in-
crease the reflectance when k is jmall, for theA the radiation
can penetrate the material and so be subi- . to inter-reflection, 9.._-
while when k is large this cannot take piace and the reflection
will be that associated with a homogeneous film. This behavl..
can then diminish the kind of variation of reflectance shown on
Figures 6 and 7 and conceivably could inve it it.
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3.1 Introduction

A classical prescription for the prediction of the total
normal emissivlty of metals is the equation which Is obtained
from the Hagen-=Rubens relation for the spectral emissivity. The
total normal eissivity so specified Is

= 0.576-r-7T•.1
Tea. J( 3.1

Other forms of this kind of result have been obtained by re-
taining additional terns from the expansion from which the
spectral result originates. Similar expressions for the hemi-
spherical total emissivity have been obtained by first inte-
g-rating the spectral value ovr the 27r solid angle into which
the emission occurs. Jakob( 3 ) summarizqs such results which
are largely those of Schmidt and Eckert' 4 ). Abbott St &l(5)#
retain additional terms in the expansion to express Equation 3. 1
an

0= 575V3ý -O.I7SPT 3+1 .44.fpT)1

and they demonstrate that this predicts well the total emis-
siviay of platinum which they measured at temperatures as high
as-15000 C.

Enough is known about the spectral emissivity and optical
properties of those metals, for which Equation 3.1 appears to
apply, to establish the inapplicability of the simple Drude
theory, of which the Ragen-Rubens relation is the asymptotic
form for long wave lengths. The correspondence that in achieved
in the case of the total emittance appears therefore to be a
kind of coincidence and the present purpose is a review of the
spectral properties 3f the transition metals nickel and plati-
num, together with theories which support their properties
particularly at elevated temperatures, in an effort to estab=
lish the reason for the apparent suitability of Equation 3.1
for the prediction of the total eialsivity"
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3.2 Sp2ctral Emissivity and Optical COnstmts

.lectromagnetic theory specifies the normal enissivity in
terms of the comb' •x dielectric constant, a +i k. In the
nomenclature of PNpperhoff( 5 ) this emissivity In

whr + = + ;5 e

* Znk

..

free
*. :. The dispersion can be evaluated from the classical/electron

- theory of Drude, which gives

S 3.

,.,

5 n k %)2(kJ3.
where , = • a wave length close to theVNlocation of the minimum of

the reflectivity

the "relaxation" wave length,

P-- associated with the DC conductivity M , (- is thu
relaxatio- time). For A'/O\z , approximately, Equations 3.2,
3.3, 3.4 give the asyriptotic form

3.5

This Is the Hagen-Rubens form for the spctral eslosivity.
In practical units Equation 3.5 becomes

E.• - 0.3G., JZ f o Oti-C"
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A ueful Interpretation proeeds from Equation 3.3 and3.4 when X, ,, , 50 that (ks-n t ),>> 1. Then if

(k'- ,,) and Z,,A ar represented on an Argand diagram there
Is obtained a straight line of slope 'A, . Locations of
pzztlcular wave lengths along this line depend, of course$ upon
the actual values of both Or, and X2 and for X-' ,

the line terminates at an ordinate 2 v/! - 4/C

Equations 3.3 and 3 .4 represent the optical constants of
metals in regions in which internal photoelectric absorption is
small enough to be negligible. Givens(7) shows this corres-
pondence for a number of metals, though a fit of the experimen-
tal results by Equation 3.3 and 3.4 demands, in particular, the

*'- asstption of a conductivity, 8 , that is considerably below
the D. C. value. This difference Is in part due to the surface
stress in the specimens from wh+ch were determined the experi-
mental values, but even under the best conditions the conduc-

L. tivity required by the theory is of the order of two thirds of
the D. C. value and in some cases this factor is one tenth.

In transition metals, such as nickel and platinum, the
frequency limit on internal photoelectric absorption decreases,
and the effect is imrrtant at wave lengths as great as 5 toK .. 10 microns. Most of ;he values of the optical constants of
these metals are available only for shorter wave lengths,

making impossible a logical fit on the basis of E3uations 3.3
and 3.4. For nickel, however* Beatie and Conn(8J obtained
optical constants at wave lengths as high as 14 microns both
at 200 C and 2700C and they plotted these results on the Argand
diagram to establish a line repreeenting the Drude theory in

I terms of the presumed asymptotic behavior of the optical con-
stants CAt long wave length. Figure 9 shows these results for
both electropolished and buffed nickel and for the latter there
is indicated the associated Drude line. It is, however, not
clear from this work how the wave length scale was established
on the Drude curve, that is, how , was chosen, though the
chosen values ar realistic in terms of (N/m)*.

*(The ambiguity does not occur in the case vLan at least one
k experimental value falls on the line, for this establishes one

wave length on it and this was, in fact, the situation in the
only case In which Seattle spectfied directly the way in uhich
the wave Length scale was established.)
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With wVeT lengths known both on the Drude line and for the
.4 experimental data, Beattie connected corresponding points by

vectors, the components of which, 2  /and (* • . f.-), re"-
sented the contribution of the anomalous absorption. He
observed that this contribution was essentially Independent of
temperature insofar as could be deduced from his results at
20fC and 2500C. If this assumption Is maintained for all tem-
peratures then the contribution of the aitomalous absorption,
known as a function of the wave length, can be added to that of
the Drude theory as evaluated implicitly for various tempers-
tures by selection of appropriate values ofa ?po.

In a•other point of view, t obertsen 9  has shown that by
using the Drude theory for a double set of charge carriers
(which Is Its original form), the optical constants for nickel, 4

platinum, and uIon could be specif led, and on this basis the
conductivity that is needed in the theory Insmuch closer to the
DC value than that which is required in the usual application
of that theory. The optical constants are then given in the
terms:

-s k3 I Ke GAS._ 3.2v a + V .

3.7

with the following values of conductivity and relaxation wave
length for room temperature.

Table I

Micron Micron ohs Meter ohm Meter
Pt 1.27 205 1.03 8.22
Ni .70 44 .45 7.90
Fe .39 75 .24 9.52 ~.--

Optical constants found from Equations 3.6 and 3.7 and the
values given in the Table are shown on Figure 9 and these
correspond well with the experimental values for electropolsbe-d
nickel at wave length@ below 7 microns.

im ... im i
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To obtain a prediction for higher temperatam an estimate
must be made regarding the effect of temperature on the relaxa-
tion wave lengths X 2 and X 2b. It might be assumed that they
decrease equally and figure 9 contains the optical constants
that are indicated by a reduction of one half In both of the "
wave lengths. The relative effect that is obtaned in this ,
way is at short wave lengths opposite to the trind found ex-
perimentally by Beattie and there are evident no alternative
assumptions which would improve the nature of the temperature
dependence of the optical constants as they are prescribed by
Roberts theory.

RobertsI equations, with the values given lI Table I, are
shown by him to fit available optical properties for wave lengths
up to 4 microns, and they will do so i±rly for constants avail-
able up to 5 microns. Spectral emissivities calculated from
these cora•ants do not, except for magnitude, correspond well
with measured values for X > 1 micron, so that there is some
question as to the validity of the constants at these wave -
lengths. The constants available for platinum do not, more-
over, extend to wave lengths large enough to enable an appraisal

- such as presented for nickal by Beattie. In cmosequenc., there
turns out to be almost no support from data on optical constants
for the spectral emissivities that have been determined for "
platinum.

3.3 Spectral Normal Emissivity of Nickel

Figure 10 shows the spectral normal emissivity that is
calculated from Equation 3.2 for buffed nickel from the optical
constants that were obtaiued by Beattie and whick are shown
in Figure 9, and beyond 10 microns from the Dra. theory
associated with those results. At very long ave lengths there
Is shown the magnitude of Equation 3.5 to which the Drude result
becomes asymptotic. For comparison, there is also shown the
position of Equatioh 3.5, the Hagen-Rubens law, when the D. C.
conductivity Is used therein.

Values of the emissivity for higher temperatures are
shown In toeus of the prediction from Beattie's results for
smaller values of AX , though to make these results specific a
relation between Ns and the temperature must still be chosen.
The position of Equation 3.5 In indicated for conductivities
which are one quarter of the room temperature values, and as
the value of As decreases, the Drude contribution approaches tho
linear form of Equation 3.5 and the anomalous contribution Is
proportionately less, so that the form of the spectral enis-
sivity curve becomes Increasingly like that of Equation 3.5.
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Values of the spectra~l em~issivity wcre czlculated also
f rom Roberts' theory with the additional postulate that both of
the relaxation wave lengths diminish equally. Figure 11 shorm'
the reeu.ts, for reductions in relaxation wave length compar-
able to those which yielded from Beattie 's presentation the
results shown on Figure 10. For room temperature the emianivity
that is predicted is compaable in forma though lower thnn that
given on Figure 10, an expected result because of the lowsr
absorption of Roberts' prediction,, which is comparable to that
of electropolished nickel. Reduced values of Xz produced a
small effect, though the emissivity near 10 microns increftmem
substantially as A, is reduced. Rationalization of these effectg
Is, however, difficult because of the complex vay ia which the
optical constants are involved in Equation 3.2.

Figure 12 shows some experimenital values for the spectral
emissivity of nickel at room temperature, obtained an ref lec-
tance in a cavity (Gier-Dunkle) ref lectometer, and in an in-
tegrating sphere. These valuen are higher than those predictedS
frm the optical constants of Figure 9 (Curve a) and the excess
Is probably due to a greater surface stress In the polished
sample from which the reflectance values were obtained. At
long wavelengths the emiusivity Is low and the poor accuracy
of the results is evident in their scatter.

The only results available at highor temperature appear to
be those of Rurst( 10), obtained as emissivities in a vacuum for
wave lengths beftoon 1 and 6 microns.* These are shown on
Figure 4, and compared to the absorptivities f or low temperaturo,
their relative magnitude is remarkably like the similar relation
between the predictions for low temperature and f or one half
the relaxation wave length typical of the low teaperature. Curve -..

"Ik", which represents Equation 3.5 evaluated with the D. C.
conductivity corresponding to 2290 0R, shows that this predicts
the magnitude of Hurst's results and is in fact considerably
better than the similar correspondence at low temperature be-
tuven experiment and Equation 3.*5.

3.4 SpEctral Normal Eaisolvity of Platinum

Re~iauto are available for the optical constants of platinum
only at room tem~perature and for short wave lengths, and thsse
can be represented by Roberts' equation evaluated with the
magnitudes contained in Table 1. When the optical conatants so
obtained are ueed In Equation 3.2 for the evaluation of the
emissivity, the predicted values are completely at variance rith
*xporizeental results. In addition, vhen pradictionn for ro-
duced relmzation timeo~ are made, as they raere for nickel to giva
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the results shown on Figure 11, the spectral emissivity is
found to increase substantially at short wave lengths and in-
significantly at long wave lengths. It is inferred that the
presently known optical constants may be of insufficient accur-
acy# and they are certainly not known at sufficiently large wave -
lengths, to permit an acceptable prediction of the spectral -
emissivity. The further consideration of the experimental
values of the emissivity therefore lacks the guidvnce of any
theoretical prediction.

Figure 13 contains values of the emissivity inferred from
experimental values of the -eflectivity measured at room tem-
perature. These reflectances are high and the consequent
experimental scatter is severe, more so than in the case of
nickel. The two sets of data shown are at some variance, a
difference perhaps attributable to cleaning procedures, or to
changes in the surface, as the lower of the reflectances ob-
tained at low temperature were secured after the sample had been
heated to 1900OR in an emittance determination. The higher of
the two reflectances agree reasonably with the reflectance curve
given by Popperhoff(6).

Results at higho, temperature were obtained both as emit-
taste and as refol with generally satisfactory agreement
between the two . With respect to those for room teo- 0
perature, there is &aled the same trend as vas apparent for
nickel, which entai.d a substantial increase in emittance at
long wave lengths and an inappreciable effect for wave lengths
between I and 3 microns.

Positions are shown for the lines describing Equation 3.5,
the Hagen-Rubens law, evaluated with the D. C. resistivity
corresponding to the temperatures involved. Particularly at
the higher temperatures this represents the results quite well.

3.5 Total Normal Emissivity

Total normal emissivities can be obtained by integration . .
of the spectral values and these total values are of interest
both for appraising how well such total values agree with those
that have been measured directly and alco for examining further
the apparent worth of Equation Z.1 for the prediction of these
values when that equation is evaluated on the basis of the
D. C. conductivity. The total values obtained from spectral
values are, however, subject to varying degrees of uncertainty,
depending on the proportion of the black body emissive power
that is contained in spectral regions in which the spectral
emistivity Is not ic.ually known. Table I1 contains such
fractions for various temperatures.
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Table 11

Temp. OF 00 1000 2"0 300 4000 solar

range microne

below 0.3 .014
below 0.5 .00 .00 .24
below 1.0 .00 .00 .00 .02 .10 .71

above 10 0.78 0.30 .07 .03 .01 .00
above 20 0.30 0.07 .03 .00 .00 .00

Clearly,, the availability of spectral values in the range
from 1 to 20 microns provides for reasonable predictions for
temperatures from 1000 to 40000R, while for 500°F there is con-
siderable uncertainty which must be resolved by some appropri-
ate estimate of the emisaivity for longer wave lengths.

Total normal emisslvities for nickel are shown on Figure
14 mad that figure contains a curve which represents experi-
mental values of the total normal emiusivity, the curve being
that given by Goldsmith, t. al.(I0 ). A point is shown for
200001, as obtained from the spectral emissivity as given by
Hurst, together with a slight extrapolation, up to 10 microns,
based on the trend revealed by the predicted emnssivity. This
point is 8% below the curve representing the expwrimental values,
Another point indicates the prediction based on the experimental
data for room tempe-ature, together with the presumption that
at longer wave lergths the emissivity would be that given by
the prediction made from the Beattie results, This point coin-
cides with the experimental curve.

Another curve in Figure 14 indicates the prediction made
from Equation 3.1 when the D. C. value of the conductivity is
used for the evaluation. The departure from experimental
values is not too great between 500oR and 2000OF and this kind
of agreement was already indicated on Figure 4 where, particu- 0
larly at the higher temperature, Eqaation 3.5 provides a fair
approximation to measured spectral values. That coincidence
is not quite as good at 5000•, but there a preponderant con-
tribution to the total emissivity is made at longer wave lengths.
There are no data in this region, and the relative positions of
Equation 3.5 and thr leattie result indicates that a lower eais-
sivity will be obtain-i from Equation 3.5, as is shown on the
Figure.

Finally, there are shown on Figure 14 further points not
derived from data but from tho results obtained from Beattie,
interpreted In a special way. Seattie's results for tempora-
turGe of 9700R and 530OR indicated valuam of I, in thG ratio

• q l l "-'i "l .... I" I" I I l I I ,e 3 2
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of roughly 1.40, a ratio smuch less than that of tho D. C. can-
ductivities at theme two temperatures. with the value of ).a
take to depend on temperature in the way that is inferred from
Beattie's results, total eamissivitles can be calculated fromS the spectral smissivities associated with the two smaller values
of Xs that are shown on Figure 10. These are shom an points
"on Figure 14 and these values practically coincide with the
prediction from Equation 3.1. Curve "c" of 'igurfe 14, shows In
contrast the unsatisfactory values of total exissivity that are

* predicted from the spectral values shown on Figure 10 if the
value of Na Is taken &a inversely proportional to the actualD. C. onductvity.

Total normal emissivities for platinum have been measured
by Abbott, et. al. for temperatures from 1400oK to 24000 and a
curve representing these results is shewn in Figure 15. Since
the resistivity ox piatinum varies linearly with the absolute
temperature, Equation 3.1 indicazes that a inear relation is

-:•" °expected for the enlosivlty. Tula exists and in the basis for

the extrapolation of the experimental lin;. to lower tempera-
tures. Lines for Equation 3.1 are shown on the Figure, for
D. C. conductivity evaluated from a reference and also from
mesaurements on the emissivity samples made by Abbott. As

Sshown by hiu, both are close and the latter evaluation prac-
tically coincides with the experimental results.

Abbott's results reveal that higher values of the eais-
• :sivity are obtained after the sample has been maintained at an

elevated temperature for a considerable period of time, an
effect due to alteration of the surface of the material, os-
tensibly caused by recrystallization, which may be initiated
at temperatures above about 1500 0 R. After a long period of
heating to temperatures as high as 250007, increases in eits-
sivity of the order of 10% were found.

The spectral emissivities shown on Figure 13 have been in-
I. tegrated to obtain total emissivities and the results are shown

as points on Figure 15. Considerable uncertainty is associated
with the points at room temperature which were obtained by
assuming for long wave lengths a spectral oulsslvity variation
of the nature indicated by Equation 3.5, matching the measured
values in the region of 10 microns, though the value of X&
Is apparently much smaller for platinum than it is for nickel
and this improves the accuracy of this assumption. At 200O0 0R
the total enissivity obtained from the spectral value is
reasonably close to the measured total values. At low temper-
ature the integrated value that il obtained from spectral
results corresponds best with the extrapolation of the line
reprosenting the wasured total emissivities.

3-
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The applicability of Equation 3.1 in the came of piatinuma
AN It van for nickel, rests on the coincidence that at high

temperature it happens to indicate quite wvl the spectral
emissivity for wave lengths from 1 to 15 microns. It does not
do so near rom temperature, but at that temperature there is
a small amount of the total energy in that spectral region and
Equation 3.5# from which Wiuation 3.1 is derived, still gives
a fair indication of the xagnitude of the spectral emissivity
In the region h > 10 microns .hich the major part of the
radiation occurs. Another instance of the applicability of
Equation 3.1 is given on Figure 32 for the total emittance of
the alloy platinum - 13% rhodium, though in that evaluation 7
ther Is actually considerable uncertainty regarding the eier-
trical resistivity. While spectral properties are not avail.
able to provide reasons for that correspondence, it is expec*,ed
that the situation relatively is like that for platinum.

3.6 The Effect of Surface Stress

The well kvown effect of surface stress in altering the
optical constants in a way that results in a decrease in the
reflectivity of a metal may in itself contribute to a corres-
pondenct of the reflectance with the prediction of the Eagen- -

Rubens law In spectral regions for which the jaw might not be
expected to apply. Such would be the case if the decrease in
reflectance wva relatively greater at short wave lengths, so
that its contribution would produce an effect relatively the
same as that of the anomalous absorption that has been pro-
viously considered. In this regard there are presented here
certain results that were obtained by Russell(12) for the
reflectance, at room temperature, of roughened and polished
samples of copper and 321 stainless steel which illustrate that
one effect of the stress ls+tý make the distribution of the
spectral reflectance like that of the Hagen-Rubens law.

Figure 16 presents results for copper and, of the absorp-
tances shown ther, only for an electropolished sample was the
trend of the abaorptance like that expected from the Drude
theory. The absorptance of a mechanically polished surface Is
higher and for wave lengths from 1 to 10 microns this absorp-
tance varies with wave length in the way that is indicated by
the Hagen-Rubens law, equation 3.5, though with magnitudes
greater than that predicted by that law for the D. C. con-
ductivity at room temperature. This is the behavior that
corresponds to the statements that do appear in the literature
about the relative suitability of the HNagen-Rubens law for
predicting the spectral reflectance of even an good a con-
ductor as copper.
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Whan the polished sample was roughened with sand paper to
produce a surface having undulations 1.25 microns in height, at
a spacing of about. 9 macrons, tUe absorptance was increased
three fold at wave lengths above 2 microns, and for the longer
wave lengths the pover law dependence of the Hagen-Rubens
equation was approximately maintained. This increase in ab-
sorptance was not due to interreflection, for when a roughened
surface of this type was electropolished an absorptmnce typical
of the smooth electropolished surface was restored, even though
the surface retained appreciable roughness after the electro-
polishing operation.

Figure 17 shows the absorptance of mechanically polished
and of roughened 321 stainless steel to indicate for the former
the applicability of the Hagen-Rubens equation to wave lengths
as short as 1 micron and for the latter the preservation of a
somewhat similar spectral dependence. For this material, the
correspondence with that equation is expected to be better
because of its relatively high electrical resistivity and
correspondingly larger value of X .

Figure 18 shoes relatively poor data for polished molyb-
denum, which despite Its scatter reveals the fair applicability
Pf Equation 3.5 for wave lengths as short as 2 microns. Results
are also shovn for a smooth machined surface of this material,,
for which the absorptance is such higher, presumably because
of the higher surface stress. A power law in Indicated by this
data, though its slope Is perceptibly different than that of .+ -.

the Hagen-Rubensu law.
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IV

SSTIZI FMU UMITANCZ RUMMINATI011

4.1 Introduction 0

The elimination of that aging of fact which Is due to oxida-
tion of the sample requires a high vacuum or an inert atmosphere
to surround the sample for which the radiation propertien are
to be determined. The system here described achieves this
requirement In a unit in which both normal spectral and normal ~
total emittances can be determined in the temperature range
from 150007 to 300007. In form, the arrangement that wasn chosen
for this system van that described by the requirement of iden-
tical optical paths for observation of the sample and of the
reference cavity, together vith f ixed positions for these two
elements. In this respect this system Is similar to the inter-
mediate unit which was described before~i) and from vhich were
obtained the results for spectral emittance that appear In this
report.

4. Syte 2n !.aclosure

The essential elements, the sample heater and the reference 0
cavity, are located, together with a moveable mirror thru which
the line of eight Is directed to either of these elements, in a
tank which In 16 Inches In diameter and 36 inches long. The
tank, heater, and cavity are shown on Figure 19 and the axes
of all three lie in the horizontal plane. The line of night for
spectral determinations originates from either the sample or
from the cavity and by the moveable mirror, positioned exter-
nally through a selayn motor operating against stops, passe.
through a window In the side of the tank Into the conventional
collimating system in which the radiation in chopped and focus-
sed on the Inlet slits of a Perkin-Elmer Model 98 momochromater. -

Horizontal slits are located at the focus which exists at the
chopper location and these *.,'-to, In combination with the ver- -..

tical monochromator Inlet slits, define the ari~a viewed on the
sample and on the cavilty opening, At the latter location a
height# defined by the horizontal slits, of about 3 milli-
meters has been used at an operating temperature of 1500O7; the
width of the viewed area, depending on the monothrosator slit
opening, Is much lses. _ ,1L

A system for the measurement of total emittance (not yet
Installed) consists of a thermopile detector and spherical
mirror which focusses energy on the detector froo either the
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aimple or the cavity,, the sighting area being defined by a
shield at the detec tor location. The spherical mirror is
located within the tank in a position opposite to that of the
window and the spherical mirror receives energy via the moveable
plane mirror, properly oriented. The ref lectance. of the two
mirrors are high enough to introduce a negil±ible error into
the determination of total emittance, which uteatsination In
considered to be essentially a check on the spectral values
that are obtained,

The tank is evacuated by a mechanical vacuum pump and In
operation under vacuum the pressures have ranged between one 9
and seveon microns. Argon can be introduced, through a silica
gel drier, and with inert gas operation the pressure used has
been slightly above atmospheric.

4.3 Cavity

The cavity Itself is a graphite tube, with am Internal
disameter of j Inch and a length of 2-3/4 inches from the
orifice to the back, where the thermocouple in located,, as
shown on Figure 20. The orifice opening Is 0.30 Inchee In
diameter. A ceramic tube surrounds -the graphite core tube
and on this tube there are wound, near the frost endl, two turns-
of heavy (80 ail) tungsten wire, while on the remainder of the
length of this ceramic tube are contained two separate (40 ail)
tungsten heaters. This assembly is cemented and enclosed in
a split ceramic tube, which is wound externally with an 80 mill
tungsten wire to form the primary heating unit and provide for
most of the thermal load. This assembly is encased in another
ceramic tuzbe to provide for further temperature reduction sand
the space between this tube and the jacket Is filled with
Fiborfraz Insulation. The Jacket Itself contains cooling coils
through which water Is circulated. A wire suspension, together
with the tightness of the 7iberfrax packing, maistains the
position of the core tube in the jacket.

In Initial operation, at a temperature of about 180007,
the two turn (80 ail) internal heater was wired In series with
the similar external heater and the heat production sear the
front of the cavity was excessive, so that the toemperature at
the orifice section was substanti ally above that at the back of
the cavity. Pending the Installation of a separate electrical
supply for the front hosktor, that heater was discomnected, so --.-

that thereafter the temperature of the orifice section was
about 1300F below the temperature at the back of the cavity.
Optical pyrometer -measuremonts, together with the magnitude of
the emittances oboerved for certain Inconel samplee, lead to
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the conclusion that the #idea of the cavity muat have been nwar
the temperature Indicated by the back thermocouple and that this
tee-r-ature was indeed claw to the black body temperature of
the emerging radiation.

4.4 Sa l Beater

The decision to provide for sample heating by irradixtion
of the back of the sample by a furnace, as shown on Figure 21 ,
wan based on the desire to retain mainum flexibility with
regard to sample thickness and substrate material. A 7/8 inch * ,
diameter sample I affixed to a holder made of thin molybdenum
*hbet, the support being by tabs which project into the furnace
opening for registration. A tab projects beyond the edge of
the jacket for removal of %he sample assembly and this tab
supports a ceramic Insulator for the wires of the thermocouple
that Is welded to the heated face of the sample, The front
(cooled) face of the molybdenum sample holder contains a central
hole, about 0.35 inches in diameter, through which the sample
is viewed, and the sample holder then acts as a partial radia-
tion shield on the front of the sample.

The furnace contains a single winding of 80 nil tungsten
wires with general features of insulatfun and cooling similar * -

to thoe an the cavity.

A door on the front of the unit provides additional insula-
tion and opens to enable introduction and removal of the sample
holder. A water cooled shield, made of stainless steelis,
located In the center of the door and Its one inch internal
diameter i. the opening through which the sample Is viewed.
This Internal surface of the shield is honed smooth to produce
specular reflection and ninimize any rsflection of radiation
back to the surface of the sample.

4,5 hasurwont of gpectral uIttance

The emittance is deduced from the responses of the thermo-
couple detector is the monochro~ator, when the cavity is viewed
and when the sample is viewed, together with the temperatures
inferred from the thermocouples on the sample in the cavity.
In the following discussion it is assumed that the temperatures
are correct and that the cavity is indeed black, though obvious - I.-
errors can arise from these sources also. The detector resp.-ae
Is assumed to be linearly proportional to the difference be-
tween the energy entering the monochromator with the chopper
closed, and the constant of proportionaityn sed here includes,
with other factors, the angle factor of the energy stream at the

,, i, '4"



samle and the tra IMIVIty of the inmI i• tgr• A :

Of that energy renlchIng the detector from the surface of
the sample as a result of reflection therefrom, one conent
arises from interreflection between sample and window. Since
the window reflection In specular, this is equivalent to the
Irradiation of the sample by Its lasgm in the suocular windo."
The distance between the sample and Its Image in the window im
about 20 inchem and thus a negligible amount of enargy Is re-
turned by this reflection.

A more important contribution to the radiosity of th.
sample surface arisen from the diffuse admission &Z, oi th;
mirror and of the window (wE, the latter reaching t Isample
surface by way of the mirror which in this connection is
assumed to be of unity reflectance. With A the area of th"
window, the irradiation of the sample Is f AN F , or, by ri-
ciprocity, As.R.W'FsU, and with diffuse refyecTIU the contribu-"
tion to the sample radiosity is then LE f . But F - .004
and since E,<< E,, this contribution, anL• simlar con-
tribution from t.e mirror, Is. negligibly small. If, however,
the reflection of the sample is specular, then the effect is
more severe because, in view of the small sample area, practi-
cally all of the irradiation is reflected into the cone of
observation, for which the angle factor in practically F.
Thus the addition to the emission from the sample is, Lnhe
cone of observation, C Z,,r due to the emission from the
window and C,&r2 due to .laision from the nirror and It turna
out that for specular samples of low onittance the eoimaiae
powers of the window and mirror must be minimized.

In addition to these components, the sample is Irradiated
by the surface of the shield, for which the angle factor to the
surfa-. is large, and in addition there Is a small contribution
from i. interior of the tank. The temperature of this irradia-
tion is below that of the external surroundings but the ensuing
algebra is simplified somewhat by taking the emissive pover of
that irradiation as Be the same am that of the external sur-
roundings. Then the contribution to the reflected energy is
r 2 Xo and this contribution exists only for a diffmas simple.

A further contribution to the nonochroator input arises
from direct emission f won the mirror, the window, and. the two
external mirrors, of emismive power, Ko, located upstream of .J.•
the chopper. If the rays of these emisalono which do entor tho
monochromator are traced backvard, they impinge on the sample
In the viewed area, so that to the first order the effect of
these added emiasions Is identlcal to an addition of these
emissive powers, based on appropriate emisaivitiae of the
sample surface or at tho cavity.
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All of these effects are tabulated in mm to Indicate
the total contribution to the detector response.

negligible later reflection with
-indow 0

6"Vw'2 specular Reflection of window 0s•ample irradation

only

S :S Bm]r+ Reflection of miror 0r
"irradiation

r 2 Eo diffuse Reflection of Irradiation 0
sample only from shield and tank

interior, EzA

Direct emission from #1
'Fasmirror

e~i, Direct emission from ,!
-indow

2 Direct emission from C!-. 310 external optics

! O Less radiosity of chopper No
surf ace

Detector Response
Proportional to net value

D Thus the ratio of the detector responses for the eight on the
sample and for the sight on the cavity is for a diffuse sample

S = £!s Dom Em + e,+•: E+(+-ezE,.+ 2E, E_-Et .
s. .- E L
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low the emissive power of the moveable mirror and of the windo..
are not known and it is necessary to decide oa the lalmts of
accuracy of the evittance which In eval.uted s to the
relAtil "-

A({sE.) 4.3

The comparison is indirect because the emissive powers of
the window and mirror are actually not known, but the assumption
of values much higher than they are expected to be Indicates
that the emittance of the sample can be determined with neg-
.lgible error from Equation 4.3 when the sample is diffuse and
when : to emittance is greater than 0.20. When the emittance of
the sample is below this value, and particularly when the sample
In specular, the factor by which Equation 4.3 must be multiplied
to specify the mnittance as given by Xquatiom 4.2 becomes more
important. The factor Is:

Earl E.4-EME.A+u4.4J
4 + ,

E., - E.J
Clearly, the second term in the denominator must be much

less than 2 if that enittance is to be obtained accuratoly
"from •quation 4.3. For very small values of E2 that torn In,
"for - 0.10, Ev - 0.10, approximately

o.E . 4.5

Vith mirror and window temperatures of 2000F, greater than the
are expected to be, sample at 1500°F and surroundings at 70 0 1,
this group has the value of 0.01 at 15 microns. This Indicatemo
correctly, that difficultico will ariso with otallic saplea,
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the emittance of which say be less than 0.10 at low wave
lengths. But the situation In this case is more complicated,
and errors arise also from effects associated with the traws-
mittance of the window, which must also be accounted for if
the emittance of specular surfaces that are poor emitters in
to be evalusted correctly. .

4,4 Preqlimi Results

The Initial operation of this system was with ma oxidized
Inconel sample, not Identical to but similar to that for which
reflectances are shown on Figure 1. Temperatures ranged from -,

150007 to 180007, with vacuum and with argon, and the emittances
that were obtained ae shown on Figure 22. A high degree of
consistency is realized at wave lengths above 2 microns, and
the results agree generally with those shown on Figure 1. The
considerations of the preceding section indicate that little
error would be expected in these emittances, obtaised from
Squation 4.3, because of the high esittance of the material, -9
but it is of Interest that no perceptible detector response was
obtained when the mirror was placed parallel to the window.
This •ndicates the relatively small value of the ctribution
of the emission from the mirror and the window to the detector
response.

w -o
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VARIOUS ADDITIONAL RESULTS

A Substantial amount of inforjmtion on the relation be-
tsee spectral reflectjnce, spectral QUittano,, and total suit-
tance was obtained i conection wth the eanation of certain'of th*d rsaults Pwpar*ued in sethen 2~.3y. gt Company and Sam@
of the~e resul1. were used in ;Sectin 2.3. A sore complete set.of results Is Presented in this section and this shol also thevariability in the radiation properties that can occur withIndividual samples even when y e caeflly pr d with
the objective of complete s telart af, p a wit

Spectral reflectance results are presented for certain 
-_

coated molybdenu samples for which a couplets evaluation wasnot possible because of difficulties with substrate oxidation.The few values of total emittance that Vsr obtained do agreewith what is predicted from the reflectance at room temperature,
Results are indicated for the total omeal emittnce ofplatinum - 13% rhodium ad of a sample of lfe 41, a meaurdin connection with a program of compaon of enittace deter-mination by variowg techniques. csA10 fO~tnodtr

5.2Chace..vougtC ae mp s
In 1Pbru••y 1961 there were transmitted from the Chznce-Vought Company s*aples of three types of coated metallic eamples,designated as Vought 11 and XX, VOught 1X and IX with flamesprayed TIO and Vought ZX plus ferroboron. These were pro-vided In thl 'for of 7/8 Inch diameter discs for reflect&ncedetermination, 1-7/8 Inch diameter disac for spectral onitta"ce46teruinazti4, and 4j 3 4j" Squares for tota, suittance deter-

"mination' On one of each of the latter two -types of samples. 
0

thermocouples were attached and coated before delivery in anattempt to seal the Point of therocouple attachment and thusprevent the separation that can be caused by oxidation of themetal subatrat,.

Results were obtained, though not for exactly the• S..sPectral range In all cases# for the Spectral reflectance atroom temperature from the heated cavity and Integrating apheresystems, and for spectral esittence at temperature of the orderof 1200OF in the Spectral smitta•ce Stand. Comparisons of emoof these results have alVady been made in Section 2.3. in

-~ p ~ .',-5
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additiwou total cittance~ doto minmtiona vore m&o In Us
electrically heated stand for tompt~raturars below 18000 and
vith Usc gem fixed stmd I& tb, rwaSn@ from 18000F to 200Y

The detersinatioaw of both spectral and total esIttance
vere affected scricusly by tho failure of many of the careftlly
prepar*d thermocouplesq, camsed by s*iparation of the tab to
which the tOsreocomple vas attached or by oxidation through
the co~ating causing separation of the thermocouples. OxIda-
tioa difficulties, eithar on the original thermocouples or on
those attached during the tests by brsaking the coating and -

welding to the cubstrate, limited the sample temporatur. to
12009P for enittance determinations. Table 1I is th. history
of tbermocouple life and use on thoe" samples. Section 5.3,
5,4, 5.5, present the results for these materials. With slight
additions these resulta are Identical to those of the letter
report to the Aeronautical Systems D..wYislon, Atta:ABRCPT-1,-
dated juno 22, 1961. ..

Table III History of Chance-Vought Thermmomplcc3

Reflectance Samoles,/8 D-

Material Umber of Scoaplen Tberaccouple ,R

11 1 + T10 2  2 Ice"

11 Fce'robaran 2 Man*

SE!Ctswal bsittanco Samelor, 1-7/8" D

material Toop Attached Roemrks

U . Ch-Al C.V. 1T'out tbaraccouple
broke%~ on unwrappinW,
back tbormacomple
failed before operat-
Ing tenparnturo,
attained. no rurs

zz *X Cb-Al U.C. Voided to bane metal
('W-Euge Vigo) at bask of sample.

Voosh~ t~la 12WO
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Ma~terial Thormftu'pls Attached Soak

1 IX + Tit Ch•.A1 C.To Tire brittle near

2 ceramic attachmet
and broke easily. 0

welded twice. Data,
obtained4 .

11 XX + Tl02 Ch-Al U.C. Welded to base aetal
(40-Caug. wire) at back of sample. 0 -

Useable below 120007.

11 + Frroboron Ch-A1 C.. Front thermocouple
separated on uno-

- ~packing, back therno--
couple satisfactory
at 12000?.

11 + Ferroboron Ch-Al U.C. Welded to base metal
(40-gage wire) at back of sample.

Useable Weow 120007.

Total Iittance Samploe, 4-1'2" x 4-1/2"

11 + IX Ch-Al C. V. Wire broke at ceramic
upon removal frompackage. Not re-
pairable,

11 4 IX Ch-Al U.C. Welded to base metal
at back of sample.
Useable to 12000?.

U. + IX Pt-Pt 13% Rh C.V. Temperature indica-
tion apparently
satisfactory up to
25000F. Above this,
readings ere low and
partial separation of
ceramic apparently
occurred. The
ceramic separated
easily at the end of
the experiment.

+0.
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Total Xmittance Samples, 4-1/12" x4-/

MaopalThermocouple Attached Remarks

11 . X + TiO. Ch-Al C.V. Thermocouple failed
at 130007, readings
at lower temperatures
appear to be low due
to possible separa-
tion of ceramic.

Tot IX + T102  Cie-Al U.Ce Welded to base metal
(28-gauge wire) at back of sample.

Useable to 12000F.

11 + XX + TI2  Pt-Pt 13% Rh C.V. Ceramic attachment
2 ~separated upon Instal-

lation In apparatus.
Optical pyrometer
used exclusively.

II + +erToboron Ch-Al C.?. Thermocouple failed
at 130007. Previous -

readings low; indic- ,
ated partial separa-
tion of ceramic, '
gauge Cia-Al thermo-
couple rewelded on
back by U.C. -

11 plus Ferroboron Ch-A1 U.C. Welded to base metal
(28-gauge wire) at back of sample.

Useable to 12000F.

I1 + F.+ robowo Pt-Pt 13% Rh C.V. Satisfactory up to
250007 after which
readings became low. -C

Ceramic ueparated
af ter removal f ron
apparatus.

Optical yro-et-

used xclu :Lvly.

II •Fe~ooron Ch-I C.. Thrnomtpl faied
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SpcRae flectance f

The results obtained from the two spectral reflectance
samles with the sample at room. temperature are shown on the
upper part of Figure 23 sand these reveal good correspondence
beftesm the two samples sand also befteen, the results obtalned
f won the heated cavity and from the DR-2 reflectometer.

Figure 6 contains comparable reflectance results obtained
from a sample cut from the 1-7/8 Inch sample after the spectral
saittance determinations, and these results are similar to those
on Figure 23.* Additional &going at higher temperatures does
-roduce changes In the reflectance, as shoan by the curve on
irigure 6 and by the results on Figure 241, which presents the
results obtained from reflectance sample no. 2 after a succes-
sion of &Ong periods at 20000 7, In air, Some of the Increase
In ref lectance shown there Is attributed to the presence of

E02 ,andsome of the reflectance minima, such as the one at
30.01cr=#a appear to be due to absorption maxrima of 1003.
Figure 23 also contains the reflectasces measured on a sample
cut from the 4j-' x 41- emittance sample after operation at
&MOOW and the Increased ref lectance Is similar to that Indica- -

ted on Figure 24 as the consequence of att

Spectral Baittance

Values are whomn on Figure 23, as obtained at 12000P. The >
same values appear on Figure 6,, to reveal a general correspo-
dence with the low temperature reflectance except at wave lengtha
above 10 microns.

Total Normal SmIttanco

Figure 25 presents the results for total sorsal smittasce
and the various points distinguish results obtained with differ-
ent thermocouples (and also'with-different samples of this
material) as well as those for which temperatures were Inferred
from optical pyrometer Indications combined with the spectral
emittance at 0.66 microns that is shown on Figure 23. The
results above 20000W were obtained with the gas fired stand with-
in a period of one hour,

The values found for the total normal emittance show sub-
stantial scatter, together with a tendency to diminish an the
temperamture Inecrises. There Is better agreement at the high
temporaturos witb a prodiction made from the spectral reflectmnes
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Chance Vought 11+ IX

o* h-A1 Thermocoupleo, Back Vmowteti, U. CO
O ni-Al Therwxol3a, P Cance Vouht; F ront.-
A Pt-Ft 13% ft Therwcouple, ChAnee Voush~t; Front.

ftubolaA3 co Oindicaet that eadtteflce calculatA~ frai tkarmcovAple -.

indication.
Bymbolsa 0 Oindicate that eadttance calcui~ted trvi aptical

Cuwveo are integrateil spectral malueg.
%O fromn original spectral reflectance com~pla.
R fraz apectrml reflectance ewavle cuzt from total ev±ttancc maffle.
B from %mectral wdttaence rem~lta of seele ±iccieted by 13 in F19- 23
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mamured ftra the sample cut from the total sample at the •nd
of this operationg but the scatter in so great that a firm con-
cluseon camot ho drasa

4 aght 11 Ping 7er~oboroa

IpI othal Reflectance

DIfforest resultas as show on Figure 26, were obtained
from the two ref lctance samples betwent 3 and 11 microns; and
Figure 6 sowe that a third sample again produced different "-.
"rsults, being lower In the spectral region. A fourth sample,,

toth •aing affece n t reeae onphFigurmoe 6. Thereoe thelset f- "--

obtained from the total emittance sample after beating to 28007,
show a further alteration of spectral properties,, disslinlar
results indicate a substantial difference between samples as
well as a pronounced effect of aging 0 .

fetral emittance

The value of spectral emittanceg obtained at 12000,, corres- :1
pond Poorly t ith the spectral refl lctances that are short an
Figure 20, but Figure 8 reveals an appreciblhe improvement in
the obtpstnde when the observations at low and high ten-
peratore sere made an the sam sample with surface canditionv
as nearly ideatleal as poosibl..

Total Normal haittaces

Figure 27 contains the results for total normal emittance,
with the symbols Indicating a distinction between samples as
well as between the thermocouples affixed to them. The scatter
is again save"e, and it is emphasized more by the dual set of
points at high temperature, as obtained from the thermocouple
and from optical pyrometer readings, the latter being inter-
pretad on the basis of an emittance of 0.80 at 0.66 microns.

The experimental raoults agree with the predictions made
from the observed values of spectral emittance but this corres-
pondence io clouded by the variability observed in different
sampltus of this material. The total emittance decreases slightly
as the temperature Increases, and this reduction is supported by
the effect of aging shown on Figure 6 and by the limiting pre-
diction obtained from the reflectance associated with the total
emittance sample after the completion of those obaervations.

5.5 Yought 11 and IX Plus Flawe Spm!yedTi-02

Spectral Reflectance
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Fig. 2T
TOML NOR14AL EKaTI'AICZ

Chance Vought II + Ferroboron

0 Ch-AI Thermocouple, Back Motnted, U9 C.
0 Ch-Al •hermcouple, Chance Vought; Front.
A Pt-Pt 13% Rh Thermocouple, Chance Vought; Front.

SymbolsA M Oindicate that eittance calculated from Thermocouple
indication.

SywbolsA D Oindlcate that emittance calculated from optical
pyrometer indication.

Curves are integrated spectral values.
Ro from original spectral reflectance sample.
R from spectral reflectance sample cut from total emittance sample.
9 from spectral emittance results of sample indicated by 0 in Fig. 26



Figufe 28 shows general agreement betwen the two 7/8 Inch
reflectance samples and these ref lectances in turn rrespond
quite well with the spectral emittance measured on ama of the
emittance samples. Sufficient variability existed is the coat-
Ing, however, to produce substantially larger spectral emittancoo
in the second emittance sample. The reflectance obtained from
this second sample, shown on Figure 6, does generally agree with
the spectral emittance values obtained from it. Apparently
the T102 coating was thinner on this particular sample resulting
In a lover reflectance.

Figure 6 indicates that aging further reduces the ref lc.-
tance of the sample and this behavior is also evidesat in the
reflectance shown on Figure 28 that was obtained from the total
emittance sample after operation at 280007, though for this
latter sample the original reflectance was apparently nearer
that of the high values shown on Figure 28 for the first emit-
tance sample and the reflectance samples.

Spectral Emittance

The difference In the spectral emittances of the two samples, J
shown on Figure 28, vas due to differences in the cotings. The
omittance for one of the samples agrees well with the reflectance
measured from the 7/8 Inch samples while the emittame from the
second agrees in magnitude with the reflectance measared later
from the same specimen, as indicated on Figure 6.

Total Normal Xmittance

Figure 29 contains results which, for temperatures below
1200 0 F, include some values from a sample with a Chrsmel-Alumel
thermocouple attached by the Chance-Vought Co. These are be-
lieved to be high, particularly since the thermocouple attachment
separated completely at 130007. Similar failure occurred with
the platinum-rhodium thermocouple and consequently all high tem-
perature results were obtained from optical pyrometer observa-
tions, based on a spectral esittance of 0.77 at 0.66 microns.

In placing this sample on the ceramic support ring of the
gas heated emittance stand, molybdenum diailicide powder was
placed between the sample and the ceramic surface, this being on
the observed side of the sample. When the sample was removed
after operation at 28000 F, after a period of about 40 minutes
at temperatures in excess of 210007 at which the results shown
on Figure 29 were obtained, all the coating had disarp4ared
from the sample surface that had been in contact with the disi-
licide, and bare metal appeared there. The 2 Inch diameter
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Fig. 29
TOMh NO4AL DnTflA=C

chnce Voueut n+ Ix + Pl1n Sprayed TiQ2

0 Ch-Al Thermocouple, Back Monted, U. C.
O Ch-A1 Thermocouple, Chance Vought; Front.
A Pt-Pt 13% Rh Thermocouple, Chance Vought; Front.

Symbols A M 0indicate that emittance calculated from Thermocouple
indication.

Symbols A 0 Oindicate tbat emittance calculated fPrw ptical
pyrometer indication.

Curves are integrated spectral values.
Ro from original spectral reflectance sample.
R from spectral reflectance saxple cut from total emittonee sample.
E from spectral emittance recults of sep!le indicated by 0 in Fig. 28.
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center sectlon• thore the viewed area was located, was rather
black and none of the orange color that originally existed
appenad to remain, while the back of the sample that had been
exposed to the gas filae had a glazed appearance* still rather
orange in color, but otherwise intact. The spectral ref loc-
tancme obtained from the test surface, after this operation,
are shove on Figure 28 and reveal some changes in comparison to
the values typical of the original reflectance sample, but the -
original reflectance of the particular sample used for the total
emittance determination was not known.

Figure 29 also contains predictions of the total enittance
to obtained from certain spectral emitt&nces and of these the
beat correspondence with the actual results is associated with
the prediction based on the spectral properties of the sample q
cut fran the sample from which the total emittances themselves
were measured. Next best is the prediction from the properties
of the spectral emittance sample having the larger emittance.
But this apparent variation in properties between samples, to-
gether with the scatter of the results for total emittance,
ma•e difficult any specific conclusion, though clearly the
prediction based on the properties of the 7/8 inch reflectance -

samples is definitely too low.

5.6 Coated Metals, XP-6789, XP-6790, Chronalb•oayl

In November 1960, there were submitted through WADD three -

samples of coated metal for the determination of total normal
enittance. The metallic substrates contained molybdenum and
this led to serious oxidation difficulties at any cut edges and
at the point when the coating was broken for thermocouple attach-
ment to the substrate. This latter action was taken in the
hope at the time that high temperature paint could be esploy-od
to suitably seal this small rupture. The ho'.e wa rot realized
and oxidation occurred, with consequent thermocouple separation. --
Any further operation, as with an optical pyroneter, was then
limited by progressive deterioration at that point, as well as
on the tut edges. Total normal emittances were consequently
determined only at a few relatively low temperatures.

Spectral reflectance* were determined at room temperature
from samples cut from the original 6 inch square samples that
were supplied and these results are shown on Figure 30. The
results for XP 6790 and XP 6789 are almost identical, leading
to the inference that the coating was almost identical with
these two samples. Also, this is almost true for the Chromalley
W-2 except that the drop in reflectance fron Its maximum occurs
at a higher wave length.
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Table IV Contains the emittancon predicted from the spectral
reflectnaces eard at a low temperature and the Table also
contains the mzas~ured value at the few temperatures for which
"finite were obtained for the total normal esittance. Then, for
theU e total emitt ces, the temperature was inferred freo anl
optical pyrometer observation, that inference van made In terms
of the Reacured reflectivity at low temperature and at 0.66

Table IV

Total Smittsance

IF 6789 XP 6790 Chro•lloy W-2
Frejd. Ebs. rd Ma. Pod oe

540()r 0.45 0.52 0.40
23600 0.65 0.09
15400F 0.61 0.63 0.60

16M0.585 0.700
2 0.73 0.74 0.73 .. *.

*Optical pyrometer used for surface temperature

3.7 Toftl Imittances, Platinum-43% Rhodium and Ron* 41 -

As part of a pro for the comparison of techniques of
determination of the total normal smittance, measurements vers
made In December 3960 on samples of leos 41 (Unitemp 41) and of
platlnum-13% rhodium as furnished by the Boeing Aircraft Co.
The samples were supplied with thermocouples attached, but
during the experimental work these thersocouples were removed
and now thermocouples were attached. Only total emittancee
were measured, using both the electrically heated and gas fired
stands.

Tho results shown fo Rune 41 (Unitesp 41) were obtained
fran two esapleng each of which was about 1/8 inch thick. Sample
No. 1 contained a Chromel-Alumel thermocouple mounted off center - 9
on the face, just ieslde the viewed area, with the leads passed
to the back of the sample through a hole near its center. The
symbols on Figure 31 indicate the history of the messureatnts.
The initial operations produced emittances that were low at
high temperature. Later a second thermocouple was added and
by comparison the original thermocouple appeared to be reading
low, though this, of course, would not account for the lower
eoittances found iuially. With the exception of the results
of December 16th and 19th, however, the results are consistent
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Fig- 31: Total Wittance of R~ene' 41

Sample no. 1 Boeig T. C., M, Al,
~12116 (Gastýd)

012/ lec. Std)
E)12/211 (Gas Std)
012/29 & 1/3 (Elec.) U. C. Thermocouple ad&-d an ue

12/29 (Gas Std) U. C. Thermo.
1/4 (Gas Std) Based on Optical Pyr.

Samle number 2 Boeing T. C. Center "bmt

A 12/28 (Esec. Std)

The curve in•a itea the ren•alt in Ref. 1

SamleNo.i oel T C. C. •i. .
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Fig. 32: Tbtal Exittance of Platinum 13% ftodius Alloy

With ChL-Al Couple (Boeing)
0 12/13 a 12/14 e 12/16

With Pt-Pt 10% Rh Couple (U. C.)
X12/21 D 12/22

D012/22 ()>12/2T 012/2B (Gas Stand)

The curve is the Hagen-Rlbens law, Eq.. 3.1 '0.-.
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with the avo'e of earlier Moa cr ntv am thle torli"",
shmv by a curve on the Fleu•r. S&_ple No. 2 TM v~ed 1ma®
*xtenaively, and it gave emitteucom about 6% lower theR tU0
firet sample. The dlfferonaco Is attributed~ to differoncew Am
the oxidation rather than to any effect of thornecoulo i• ...

All the enlttances for the sample of platinui-13% r•b" i"
were obtained from a single sample which was provided with &. C
,Ohrowel-Alumel thermocouple, later replaced by a platimum - IM~
"rhodium thermocouple for oporation at high temperature. The
results shown on Figure 32 reveal a substantial varisticim at
temperatures below 19000F, ostensibly due to oxidation of tho
rhodium, which oxide is eliminated by vaporization at highor
temperature. Tb. appearance of the sample also mafd thir ..
distinction, being dull in some of the lov temperaturc opera-
tions but becoming bright after operation at high tamperatmxo.
The "clean" values would then be best given by the minira-
values shown on Figure 32.

Because of the applicability an noted in Section 3 of tho
Hagen-Rubens equation for the prediction of the total norml_1 ,
emittance such a comparison is of intereat in relation to the
emissivities that are shown on Figure 32. Reslitivitlec of
Pt-13% Rh do not appear to be available and the closest in-
formation readily at hand i! for Pt-1O% Rh, which pIs gimv only
for 200 C, as.,o.- 20 x 10- ohm cm and colv 7- =(/. 6 /a ,
Only by the radical assumption that the teaparaturo coo ff1-
cloet given might be used up to very high temperaturos iU the
evaluation of Equation 3.1 possible. The rosult is the curve
of Figure 32. The correspondence with the mininum eupsriwctal
values is remarkably good.

-1.
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